Granite, bentonite, and starch were mixed with clinoptilolite zeolite to produce a modified zeolite. The modified zeolite was tested for its ability to absorb formaldehyde from air. The modified sample formaldehyde adsorption capacity was then compared with those of commercially available clinoptilolite, faujasite (Y), mordenite, and zeolite type A. Studies were focused on the relationships between the physical characteristics of the selected zeolites (crystal structure, surface porosity, pore volume, pore size) and their formaldehyde adsorption capacity. The removal of starch at high temperature (1100°C) and addition of bentonite during modified clinoptilolite zeolite (M-CLZ) preparation generated large pores and a higher pore distribution on the sample surface, which resulted in higher adsorption capacity. The formaldehyde adsorption capacities of M-CLZ, clinoptilolite, faujasite (Y), zeolite type A, and mordenite were determined to be 300. 5, 194.5, 123.7, 106.7, and 70 mg per gram of zeolite, respectively. The M-CLZ, clinoptilolite, and faujasite (Y) crystals contained both mesoporous and microporous structures, which resulted in greater adsorption, while the zeolite type A crystal showed a layered structure and lower surface porosity, which was less advantageous for formaldehyde adsorption. Furthermore, zeolite regeneration using microwave heating was investigated focusing on formaldehyde removal by desorption from the zeolite samples. XRD, XRF, N 2 adsorption/desorption, and FE-SEM experiments were performed to characterize the surface structure and textural properties the zeolites selected in this study.
IntRoDUCtIon
Formaldehyde, one of the most important volatile organic compounds (VOCs), has been classified as a carcinogen that can cause nasopharyngeal cancer in humans and plays a key role as an intermediate in the tropospheric photochemical oxidation of hydrocarbons Wisthaler et al. 2008) . Formaldehyde is a byproduct emitted mainly from the combustion of waste wood, furniture and medium-density fiberboard (MDF) panels (Hedberg et al. 2002) . Burning sensations in the eyes, nose and throat are the effects of formaldehyde when its concentration exceeds 0.1 ppm in the atmosphere. Therefore, it is a matter of urgency to decrease the concentration of this gas before it is emitted into the atmosphere.
Among the techniques used to reduce formaldehyde in the atmosphere, adsorption has been considered by many researchers due to its higher efficiency and lower operational cost (Góra-Marek and Datka 2008; Ma et al. 2011; Chen et al. 2014) . Zeolites are common adsorbents used in this process because of advantages that include high adsorption capacity, stability at high temperatures and the possibility of regeneration. It has been shown that the performance of zeolites for VOC adsorption depends largely on the shape of the mesopores and the pore size in zeolite crystal networks (Johnson et al. 1997; Babarao et al. 2011) . The presence of alumina and cations such as Ca + , K + , and Na + influence the zeolite composition, which changes the pore diameter and surface area of zeolite structures (Frising and Leflaive 2008; Legras et al. 2012; Newsome and Coppens 2015) . If the zeolite structure pore diameter is smaller than the kinetic diameter of a selected gas, the adsorption capacity of that zeolite will be lower than that of zeolites with larger pore sizes (Cazorla A. and Grutzeck 2012; Kim and Ahn 2012; Solanki and Zaman 2012) .
Zeolite synthesis has been suggested to achieve better adsorption capability. Zeolite synthesis is usually accomplished through the addition of different elements to the zeolite structure or through temperature variation during zeolite production. Synthesized zeolites usually show higher adsorption capacity and stable physico-chemical properties after the desorption process. Previous authors (Cazorla A. and Grutzeck 2012) have studied the efficiency of synthesized zeolites produced by mixing waste products from combusted coal, metakoalinite, and sodium hydroxide for formaldehyde adsorption. Their results showed that samples prepared with a low concentration of metakoalinite and a stronger NaOH solution appeared to have a cubic crystalline structure and a very porous surface with relatively higher adsorption capacity. The curing temperature for these zeolite samples was 185°C over 36 h, resulting in larger crystal growth and a hexagonal shape, which also had a positive effect on formaldehyde adsorption. Zheng et al. (2012) studied the activation and organic modification of stellerite zeolite to improve formaldehyde adsorption. The results showed that zeolite sample calcination at 300°C for 1.5 h had a positive effect on formaldehyde adsorption capacity, although excessively increasing the calcination time decreased the adsorption capacity due to zeolite structure decomposition and decreased specific surface area. The maximum formaldehyde adsorption capacity of the calcined organic modified zeolite reached 1.84 mg g -1 of zeolite. Ichiura et al. (2003) showed efficient formaldehyde adsorption into a composite TiO 2 -zeolite Y sheet and desorption using UV irradiation. The composite sheets were heated in an electronic furnace at 700°C for 20 min to remove impurities from the zeolite framework, which appeared during the preparation process. It was found that the composite TiO 2 -zeolite Y sheet removed formaldehyde more efficiently than a simple TiO 2 sheet due to continuous formaldehyde decomposition from the composite sheet by UV irradiation in the presence of a TiO 2 photo catalyst.
Modified clinoptilolite zeolite (M-CLZ) with a large pore surface structure was prepared in this study through the addition of alkaline earth metals, bentonite, starch and granite. A detailed study evaluating the zeolite surface structure effect on formaldehyde adsorption behavior was performed. Thermal treatment of modified zeolite containing starch showed starch elimination from the zeolite structure at high temperature, resulting in large surface pores and large internal channels. A comparison between the modified zeolite and commercially available clinoptilolite, faujasite (Y), zeolite type A, and mordenite showed that the formaldehyde adsorption capacity of the modified sample was relatively higher due to good pore distribution on the surface and their interconnections with the internal zeolite structure cavities. Additionally, microwave energy was used to remove the adsorbed formaldehyde for effective adsorbent reuse.
ExPERIMEntAl

Materials
Acetic acid, aluminum oxide, starch, carboxymethyl cellulose, and formaldehyde were purchased from Sigma Aldrich. Starch, bentonite (Bri-chem, USA) and granite (Gwahaknara, South Korea) in the presence of 25 mL deionized water were used to modify the clinoptilolite crystal structure. Clinoptilolite zeolite, zeolite type A, faujasite (Y), and mordenite were purchased from a commercial source and used as received.
Characterization
Nitrogen adsorption/desorption isotherms were measured at -196°C with an ASAP 2020 analyzer (Micrometric, USA). The The Brunauer-Emmett Teller (BET) surface area and sample pore volume during adsorption/desorption experiments were measured based on t-plot analysis. X-ray fluorescence (XRF) spectroscopy using a Philips -PW 148D was used for zeolite sample elemental analysis. X-ray diffraction (XRD) was carried out using a Rigaku X-ray diffractometer (Cu Kα., λ = 1.54059 Å) over Bragg angles ranging from 10 -50° to identify the crystal structure composition. Sample surface morphologies were monitored using field emission scanning electron microscopy (FE-SEM), model Zeiss Supra 40 VP. In the desorption experiment conducted with microwaves, a commercial microwave heating system (Korea microwave instrument) was used with an output power of 2.45 GHz and 500 W.
Zeolite Preparation
M-CLZ were prepared by crushing 1.0 g of cleaned natural zeolite (clinoptilolite) into powder and dispersing it in 1 mole of M E CH 3 COOH (M = Na + , Ca + , and K + ). The solution was then heated at 90°C for 24 h. The obtained slurry was filtered in a vacuum flask. The zeolite produced after the addition of alkaline earth metals was named M-CLZ α . The M-CLZ α surface pores and crystal structure were then modified by adding alumina (10 wt%), starch (20 wt%), bentonite (10 wt%), and granite (10 wt%) in 25 mL of de-ionized water inside an oven at 25°C. The addition of granite increased the zeolite structure hardness. The presence of fluxing ions improved the zeolite sample bulk density, while bentonite crystal acted like a sponge and increased the number of internal cavities in the final product (Kayabalı and Kezer 1998; El-Maghraby et al. 2011; Naga et al. 2012 ). The obtained sample was manually formed into a spherical shape with an outer diameter of about Ф = 4 ~ 6 mm. Carboxymethyl cellulose was used as a binder during the mixing process. The sample was then placed into an electronic furnace at 1100°C for 5 min, then cooled to room temperature before the calcination process. This is considered sufficient time to quickly remove the starch from the surface and internal cavities in the zeolite structure without changing the structural framework and consequently improves the zeolite micro-and mesoporicity (İzci and İzci 2007) . The dried sample calcination occurred under a mixed gas atmosphere of air and nitrogen at a ratio of 70 -30%. The calcination temperature was increased at 10°C min -1 over 5 h from room temperature to 550°C. The 5 h calcination process provides conditions where both the organic matter and impurities still present in the sample are removed by shifting to an injected nitrogen and air atmosphere. The final product after thermal treatment was named M-CLZ.
Commercially available clinoptilolite, faujasite (Y), zeolite type A, and mordenite had outer diameters of approximately Ф = 2 ~ 3 mm. The zeolite water content was determined based on weight loss after thermal treatment in an electronic furnace at 300°C for 24 h. Figure 1 shows photographic images of the samples prepared in this study.
Apparatus and Procedures
A quartz tube (diameter 10 mm and length 50 mm) containing 50 mg of zeolite sample was placed horizontally at the center of a microwave oven. The zeolite samples were embedded between two pieces of wool and fixed in the proper location inside the quartz tube. A reservoir containing formaldehyde liquid was kept in a conventional oven at a constant temperature of 25°C. Nitrogen as a carrier gas passed through the bubbler in the reservoir to constantly produce tiny gas bubbles. The formaldehyde concentration generated by passing N 2 at 50 ml min -1 into the formaldehyde liquid reservoir was measured as 884 μg min -1 (GC-FPD, Shimadzu model GC-17A). Increasing the N 2 flow rate to 80 ml min -1 or decreasing it to 20 ml min -1 had a negative effect on gas generation, followed by decreases in the outlet gas concentration. The gas mass balance in the constant N 2 flow rate (50 ml min -1 ) was applied to determine the adsorption rate per gram of zeolite as a function of time. During the experiment the tubing was wrapped with heating tape and insulation tape to prevent vapor from condensing on the inner tubing surfaces. Figure 2 shows the laboratory-scale experimental setup used to measure the adsorption/desorption of formaldehyde for the zeolite samples. The adsorption capacity of the samples was measured by passing the mixed gas through the quartz tube containing the zeolite sample. The quartz tube outlet was attached to a GC-FPD to measure the amount of adsorbed formaldehyde in the zeolite as a function of time and obtain a gas adsorption breakthrough curve for the selected zeolite sample. The maximum adsorption capacity of every sample was determined using the total sample adsorption time, normalized by the sample weight (50 mg).
REsUlts AnD DIsCUssIon
XRF analysis was used to determine the zeolite sample composition. Table 1 shows the physical and chemical characteristics of the zeolite samples and their formaldehyde adsorption capacities. The Si/Al ratio for zeolite type A was approximately 1, while mordenite zeolite showed a relatively higher value of 5.8. Table 1 clearly shows that the addition of bentonite, granite, and alkaline earth metals during M-CLZ preparation resulted in a higher percentage of cations in the zeolite framework. The bentonite and granite chemical characterizations used to modify the clinoptilolite zeolite were determined with XRF. The results are shown in supplementary data Table S1 . The existence of these cations in the zeolite framework balances the negative charges introduced by aluminum atoms that possess acidic or basic character of zeolites. The acidic or basic character of zeolites directly affects VOC adsorption performance (Barthomeuf 2003; Koriabkina et al. 2005; Walton et al. 2006) .
XRD patterns of the zeolite samples are presented in Fig. 3 . XRD results for commercial zeolite samples showed similar patterns as those obtained with the joint committee of powder diffraction standard powder diffraction database file and previous studies (Treacy and Higgins 2007; Teber et al. 2010) . Peaks typical of zeolite type A were found at 2θ = 7.1°, 10.1°, 22.4°, and 27.1° (Sharma et al. 2012; Bieseki et al. 2013) . XRD results for zeolite type A showed the existence of feldspar in the zeolite structure due to the appearance of XRD peaks at 2θ = 16.2° and 34.3° (Zheng et al. 2012) . The reflections at 2θ = 20.8° and 26.6° in faujasite (Y) and mordenite zeolite showed a large quantity of quartz and a smaller amount of feldspar compared to zeolite type A (Szostak 1998; Mohamed et al. 2005; Bieseki et al. 2013) . High-intensity M-CLZ peaks were found at 2θ = 10.8°, 22.7°, 24.5°, and 30.3°, which correspond to the existence of clinoptilolite zeolite in the sample (Muir et al. 2016) . The mineralogical behavior of M-CLZ due to the addition of bentonite and granite during the preparation process caused the appearance of minerals such as anothite and albite peaks in the XRD diffractions. Previous studies showed that bentonite and granite contain considerable amounts of albite and anorthite, which relatively affect the XRD patterns (Wirsching 1981; Yildiz et al. 1999; Yılmaz et al. 2007 ). The albite peak was observed at 2θ = 21.8°, 23.9°, 35.2°, while the anorthite peak was observed at 2θ =14.1°, 28.15°, and 39.2° (Varela et al. 2006; Dávila-Rangel et al. 2007) .
N 2 adsorption/desorption isotherm experiments on the selected zeolites were measured at -196°C, with the results shown in Fig. 4 and textural properties summarized in Table 2 . According to the Brunauer-Deming-Deming-Teller Table S1 . Chemical characterization of bentonite and granite used to modify the clinoptlolite zeolite. (BDDT) classification, mordenite shows a micro porous, type 1 surface structure. The predominant adsorption on mordenite finishes below P/P 0 = 0.5 with no distinction at high pressure, indicating the absence of a hysteresis loop. The BET results confirm that the majority of the surface area (253.3 m 2 g -1 ) is micro porous, while the mesoporosity contribution (0.018 cm 2 g -1 ) is relatively small. The isotherms of zeolite type A, faujasite (Y), and clinoptilolite resembled type IV, which shows the coexistence of mesoporous and microporous structures. A vertical hysteresis loop associated with capillary condensation at high pressure P 0 = 0.7 to 0.99 indicates the presence of limited mesoporous volumes for these samples. Clinoptilolite zeolite had a high proportion of mesoporous surface (0.078 cm 3 g -1 ) compared to zeolite type A (0.022 cm 3 g -1 ) and faujasite (Y) (0.05 cm 3 g -1 ), in agreement with the BET results ( Table 2 ). The maximum specific area was observed for M-CLZ and was found to be 663.2 m 2 g -1 , the total pore volume and mesoporous volume for this sample were 0.298 and 0.192 cm 3 g -1 , respectively. In general, M-CLZ showed the co-presence of microporous and mesoporous structures. The presence of large pore diameter distribution due to the removal of starch at high temperature and the addition of bentonite on the M-CLZ surface were indicated by the sharp inflection at the relative pressure (P/P 0 ) between 0.6 and 0.9, which confirmed the mesoporous structure of the sample at high pressure and the type IV zeolite isotherm.
The surface morphologies of selected zeolites were evaluated using FE-SEM, with the images shown in Fig. 5 . The M-CLZ (Fig. 5a ) image shows a very frequent distribution and large number of surface pores, indicating that thermal treatment at 1100°C and starch removal from the sample caused the appearance of large surface pores, which were observed to be between 1 -4 μm. The presence of pores on the surface during zeolite crystal formation significantly improved the formaldehyde adsorption capacity of this sample. FE-SEM images of the clinoptilolite and faujasite (Y) zeolites in Figs. 5b and c show surface pore sizes between 1 -2 μm, while the number of pores on the faujasite (Y) surface was relatively lower than that on clinoptilolite. The zeolite type A surface image (Fig. 5d) shows the existence of a layered structure with different shaped grooves, which significantly affected the adsorption capacity. FE-SEM images of the mordenite zeolite in Fig. 5e show a mixedphase crystal structure. We postulate that the existence of very small spherical particles (~50 nm) possibly led to pore destruction on the surface. During the experiment we also observed the agglomeration of these particles in many areas of the zeolite crystal. This phenomenon would decrease the sample active surface sample during the adsorption process because most of the pores are covered with small particles. This assumption was confirmed with the low adsorption capacity of mordenite zeolite compared to that of the other types of zeolite.
Adsorption/Desorption Performance
Formaldehyde adsorption breakthrough curves with various zeolites are shown in Fig. 6 . A longer breakthrough time or saturation time reflects a greater adsorption capacity. All of the selected zeolites reached adsorption equilibrium, but the breakthrough times were generally different. Among the samples, M-CLZ had the longest breakthrough time (17 min), while mordenite had the shortest breakthrough time (5 min). Zeolite type A and faujasite (Y) showed almost similar adsorption capacities. The maximum formaldehyde adsorption for these samples was obtained after 6 and 7 min of contact time. The adsorption capacity of clinoptilolite zeolite was superior to that of mordenite, zeolite type A, or faujasite (Y). Clinoptilolite zeolite reached maximum adsorption after 11 min. The XRF results in Table 1 show that zeolite type A and mordenite consisted of the lowest and highest Si/Al ratios (1 and 5.8), but their adsorption capacities were lower than that of M-CLZ zeolite with Si/Al ratios of (1.5). In other words, the formaldehyde adsorption capacity of the selected zeolites did not appear to be influenced by the Si/Al ratio. The textural properties and crystal structure of zeolites therefore seem to be the main adsorption capacity factors. Normalizing the total adsorption time for the samples using sample weight (50 mg), the formaldehyde adsorption capacities of M-CLZ, clinoptilolite, faujasite (Y), zeolite type A, and mordenite were determined to be 300. 5, 194.5, 123.7, 106.7 , and 70 mg per gram of zeolite, respectively. The formaldehyde adsorption capacity in M-CLZ showed a relatively higher value compared to that of the other zeolites, which resulted from the extensive pore distribution on the M-CLZ surface and the highly crystallized, large internal channel sizes due to the addition of alkaline earth metals, bentonite, and granite. This result is also illustrated by the high calculated BET values and in the FE-SEM images.
Microwave desorption has been considered in this research to desorb formaldehyde from samples within a short time because the desorption efficiency of this method on polar molecules such as formaldehyde is greater than that of non-polar VOCs (Zheng et al. 2012; Muir et al. 2016; Yang 2016) . Formaldehyde has polarity because it has permanent dipoles with a triagonal planer molecular geometry and a symmetrical charge distribution. The microwave irradiation time effect on increasing the zeolite sample temperature bed is shown in Fig. 7 . The zeolite temperature profile during microwave heating was obtained with a digital thermometer. The absorption bed temperature for zeolite type A and mordenite rose quickly after 10 min of microwave irradiation and reached 180°C. The maximum temperatures obtained by these samples were 380 and 355°C after 1 h. The higher percentage of water and ferrous compounds in the zeolite structures significantly increase the absorbed heat during microwave irradiation time. Water may absorb microwaves due to the polarization induced by the external oscillating electronic field in a microwave oven. Water molecules consist of two OH covalent polar bonds with the tendency of the four oxygen electron pair, resulting in a polar molecule with a "V" shape (Kaatze et al. 2002; Omisanya et al. 2012 ). The water contents for mordenite, zeolite type A, faujasite (Y), clinoptilolite, and M-CLZ were 2.31, 8, 1.3, 1.0, and zero percent (Table 1) . The higher water contents of zeolite type A and mordenite caused a faster increase in temperature for these samples at the beginning of the experiment. The temperature reached 100°C after 5 min. Water included in the zeolite framework vaporized between 100 -105°C. We believe the quick increase in temperature for zeolite type A and mordenite after 5 min is due to the higher iron content in these samples. The electrical conductivity of ferrous materials is generally high which causes higher microwave energy absorption with a quick increase in temperature (Tang et al. 2007; Legras et al. 2012; De Peña and Rondón 2013) . The high percentage of iron in zeolite type A (0.8%) and mordenite (1.3%) compared to faujasite (Y) (0.06%), clinoptilolite (0.08%) and M-CLZ (0.03%) causes the quick increase in temperature for these samples. Faujasite (Y) and clinoptilolite show relatively slower temperature rises because of the lower water and iron content in their framework. These samples reached an almost constant temperature value after about 40 min of MW irradiation. The maximum heat absorbed in faujasite (Y) was 220°C while clinoptilolite zeolite showed a smaller value of about 180°C. The temperature profile for M-CLZ showed a relatively sharp temperature inflection during the first 10 min of MW irradiation at the beginning of the experiment, which we believe is only due to a higher percentage of adsorbed formaldehyde. Formaldehyde as a polar molecule adsorbed the MW energy in a shorter time, which increased the temperature on the surface and in the internal zeolite channels. The M-CLZ temperature profile rose slowly and gradually after 10 min and reached the maximum of 110°C after 35 min. The desorption rate of formaldehyde from the saturated samples was determined by placing the sample in the microwave oven with power of 500 W and reversing the adsorption experimental conditions. Nitrogen as a carrier gas was introduced into the quartz tube containing the zeolite at the same flow rate (50 ml min -1 ), but from the opposite side of the adsorption experimental condition in order to remove formaldehyde from the zeolite sample.
The formaldehyde concentration in the outlet gas over time was measured with a gas chromatograph (GC-FPD). Desorption curves indicated desorption equilibrium, but the desorption time for each sample was different (Fig. 8 ). Mordenite and zeolite type A reached maximum desorption after 2 and 4 min, respectively. The desorption curves for these samples showed a rapid increase at the beginning of the experiment, which we believe is due to the textural properties and surface areas of these zeolites. Mordenite and zeolite type A have low surface porosity and pore volume due to the presence of very small, spherical particles and a layered structure that causes a weak interaction between formaldehyde molecules and the void space on the sample external surfaces. The mordenite and zeolite type A temperatures reached nearly 100°C after 5 min of MW irradiation. At this temperature the interaction between formaldehyde molecules and the zeolite surface decreases, the separation of diffusing molecules from the surface becomes easier, and the desorption flux rate is increased.
The faujasite (Y) and clinoptilolite surface structures indicate that the crystalline top layers have high porosity; however, the total porous volume of the clinoptilolite zeolite was relatively higher than that of faujasite (Y), as shown in the BET and FE-SEM results. We believe the longer desorption time for clinoptilolite (8 min) compared to faujasite (Y) (6.5 min) was simply due to the larger number and size of the surface pores, which directly affect the adsorption capacity. The M-CLZ desorption curve started after 6 min and gradually increased during the MW irradiation time, reaching maximum desorption after 10 min. The formaldehyde adsorption capacity of M-CLZ is much higher compared to clinoptilolite zeolite, but the amount of desorption time for this sample did not show much difference during the MW irradiation time. This is due to the higher percentage of formaldehyde in the M-CLZ structure, which increases the dielectric constant of the sample and significantly increases MW irradiation absorption, which also caused higher temperatures (İzci and İzci 2007) . The temperature curve for this sample showed a value of nearly 80°C after 10 min of MW irradiation. This temperature is enough to desorb the formaldehyde molecules captured by physical interaction on the zeolite structure. The slightly longer desorption time for M-CLZ might be due to the interconnected structure of this sample, in which both the internal zeolite structure and the microporous surfaces are continuous (Fig. 9) . The interconnected microporous structure increased the adsorption capacity and the stronger interactions between the formaldehyde molecules and the internal zeolite channels led to a longer desorption time for complete formaldehyde removal. It is important to stress that more research can be applied to measure the concentration of by-products such as carbon dioxide after formaldehyde desorption using MW energy since they were not considered in this particular research.
ConClUsIon
Clinoptilolite zeolite was modified with the addition of alkaline earth metals, bentonite, starch, and granite. Curing the sample at high temperature led to starch removal from the zeolite framework, resulting in the appearance of larger numbers of relatively large surface pores. The surface pores of the modified samples were measured between 1 -4 μm. The addition of granite increased the zeolite structural hardness and prevented zeolite framework deterioration due to starch removal. The samples modified in this study showed relatively higher formaldehyde adsorption capacity of 300.5 mg per gram of zeolite compared to that of commercially available clinoptilolite, faujasite (Y), zeolite type A, and mordenite zeolites. It is notable that the formaldehyde adsorption onto the M-CLZ increased by almost 1.6 times compared to the commercial clinoptilolite samples. Following the adsorption, a microwave heating system was used to remove the adsorbed formaldehyde from the zeolites for effective reuse. The results showed that even though the adsorption capacity of M-CLZ is much higher than that of commercial clinoptilolite zeolite, the formaldehyde desorption time did not change significantly. This might be due to the higher MW energy adsorption in the zeolite framework caused by the formaldehyde molecule polarity. It was also observed that the desorption properties of formaldehyde depended strongly on the connections between the surface pores and the internal cavities of the selected zeolites. The uniform surface pore distribution on M-CLZ and their connections with the internal structure led to a longer desorption time for this sample compared to other zeolites used in this study (10 min). 
